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Superconducting conductor-dominated quadrupole magnets are considered as a possible option for straight sections of low field VLHC ring. To avoid additional beam manipulation, beam separation for the quadrupole was chosen equal to the beam separation of the main dipoles - 150 mm. The two coils within one yoke have opposite functions with respect to the relevant beams (focusing-defocusing). For each beam, quadrupole aperture was chosen high enough to allow warm beam pipe through the lens. The required field gradient of 70 T/m was not a limiting factor for the design. Rather small beam separation was a concern at this stage of the study. As a basis for the design, SSC outer cable using NbTi 0.647 mm strand was chosen to have reliable data. This strand also has been chosen for the "transmission line" braid.

Cable

The straight section quadrupole has one layer shell type coil made of NbTi Rutherford type cable. The cable parameters assumed to be similar ones used for RHIC quadrupole magnets and presented in Table 1.

Table 1. The cable parameters.

Parameter
Unit
Value

Strand diameter
mm
0.6477

N strands

30

Cable bare width
mm
9.804

Cable bare midthickness
mm
1.189

Radial insulation thickness
mm
0.178

Azimuthal insulation thickness
mm
0.076

Cabling angle
deg
14.0

Copper to non-copper ratio

1.8

Coil design

Single layer shell type coil has been optimized for minimum geometrical multipoles at a constant permeability of the iron yoke. The coil bore diameter was chosen 50 mm, which leaves about 20 mm of clear space for the beam after installation of an anticryostat. The coil collaring structure made of stainless steel takes all the forces generated during coil excitation and has thickness of 10mm. Figure 1 shows the coil cross-section optimized for minimum geometrical multipoles along with the field quality plot. Table 2 presents geometrical field errors and random multipole spread due to a large number of arbitrary coil blocks displacements within +/- 50 m from the optimal position, being normalized by the main (quadrupole) field component. The pole spacer width is 12.0 mm that is acceptable for bending the relevant cable around without mechanical degradation or stability problems.
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Fiqure 1: The quadrupole coil geometry.

Table2: Geometrical and random field errors.

n
bn
(an
(bn

1
0
7.99
7.98

2
10000
5.46
447.66

3
0
2.71
2.56

4
0
1.14
1.15

5
0
0.51
0.50

6
-0.00006
0.19
0.21

7
0
0.08
0.08

8
0
0.03
0.03

9
0
0.01
0.01

10
0.00018
0.00
0.00

Iron yoke design

Functions of the two quadrupole coils within one yoke impose a boundary condition of zero normal derivative from vector potential in the vertical plane of symmetry. In terms of magnetic flux it means positive coupling between the two coils, which results in unallowed (by quadrupole symmetry) field components due to the left-right flux imbalance. Thus the yoke has to be optimized to equalize the fluxes and therefore eliminate unwanted multipoles in full the range of field variation. Here was used following strategy:

· to find a yoke outer diameter, which lets out a relatively small fringe field of 20 mT at a maximum (quench) current. At this point one can state the yoke has minimum cross-section required for screening.

· to determine position and geometry of the correcting holes in the yoke of chosen diameter that minimizes the flux imbalance at all the fields.
Figure 2 shows one quarter of the yoke cross-section that simultaneously satisfies the conditions written above.

[image: image2.wmf]
Figure 2: The yoke cross-section with flux lines and flux density plot.

One can notice that the vertical rectangular slot solved the problem of flux imbalance. It quantitatively confirms by the plot of multipole distribution versus gradient (Figure 3).
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Figure 3: Multipole distribution as a function of gradient.

The relative multipoles are within +/- 0.1 units up to the gradient of 170 T/m. Also the sign of multipoles depends on the quadrupole function that means they are integrally cancelled within each focusing-defocusing group. Figure 4 shows the maximum achievable bore gradient as a function of the superconductor properties. Thus for a reasonable NbTi current density of 3000 A/mm2 at 5 T and 4.2 K one can find the quench gradient of 177 T/m. Cable degradation, temperature variations and safety margin requirements would reduce this number to ~120 T/m as the nominal gradient. Figure 5 presents the magnet load line and Figures 6-7 show the total magnet inductance and stored energy. Table 3 gives the magnet parameters at the gradient of 120 T/m. 
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Figure 4: Field gradient as a function of SC properties.
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Figure 5: The magnet load line.
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Figure 6: Total coil inductance as a function of gradient.
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Figure 7: Total stored energy as a function of gradient.
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Figure 8: Cold block cross-section.

Table 3: Magnet parameters.

Parameter
Unit
Value

Coil bore diameter
mm
50

Gradient
T/m
120

Peak field in the coil
T
3.6

Coil cross-section
cm2
2x8.15

Current
kA
6.8

Inductance
mH/m
2x0.43

Stored energy
kJ/m
2x10.5

Lorentz forces in the first octant



(Fx
MN/m
0.077

(Fy
MN/m
-0.088

Beam to beam distance
mm
150

Yoke OD
mm
300
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		0.1934746		-0.1011637		10000		-0.001195147		0.004003227		0.001092604		0.05576499		0.001150387		-0.004224527		-0.004264204		0.001962756		0.002233687				19.34746

		0.3869495		-0.104888		10000		0.0003204745		-0.0003487143		0.0004602452		0.05800928		-0.0006228575		0.002043719		-0.0004657938		0.002857988		-0.002070954				38.69495

		0.5804241		-0.1035288		10000		-0.0006468329		0.001135994		-0.0004942927		0.05467078		0.001935692		0.0002553412		0.0000250111		0.002735989		-0.0008213554				58.04241

		0.7738891		-0.1118331		10000		-0.001734708		0.001150956		-0.0006923388		0.05507907		0.0007598955		-0.0005911542		-0.0003258699		-0.0000430725		-0.001039017				77.38891

		0.9672321		-0.1248128		10000		-0.001857671		0.0004386269		-0.000999345		0.06508601		0.0005806314		0.0002742179		-0.001244273		0.0005969098		-0.0002656864				96.72321

		1.159837		-0.1313895		10000		-0.001917219		0.0009172201		-0.0003396582		0.1122114		0.0004359237		-0.0001766479		0.0000094578		0.0003925912		-0.0009211692				115.9837

		1.348776		-0.1238202		10000		0.0009923161		0.0001773103		-0.0008664357		0.3291605		-0.0004162364		-0.0001068686		0.0001645432		-0.0007502846		-0.001293533				134.8776

		1.531902		-0.1047809		10000		0.002677978		0.0003686487		-0.001095354		0.6482432		-0.0001198595		-0.0005213083		-0.000469986		-0.001074442		-0.0005069634				153.1902

		1.709706		0.01285926		10000		0.0136158		0.000261856		-0.0001077213		0.9245907		-0.0006534711		-0.0001198351		0.0000190518		-0.00123603		-0.0004571319				170.9706

		1.882982		0.1930716		10000		0.0328941		-0.001473021		-0.0004414941		1.116862		0.0003188388		0.000022747		-0.0002623124		-0.001417896		-0.0007297664				188.2982

		2.052561		0.9795796		10000		0.1113465		-0.006117125		0.001429569		1.23266		0.000469175		0.0000408233		0.0000576052		-0.0009005848		-0.0006061601				205.2561

		2.219116		2.571614		10000		0.271373		-0.01651927		0.005392354		1.290428		0.0005180907		-0.0001534222		-0.0002222125		-0.001078431		-0.0006695634				221.9116

		2.383224		4.802316		10000		0.4755879		-0.02787727		0.009652158		1.307018		0.001657262		-0.000293851		-0.0002287544		-0.001022909		-0.0007311189				238.3224

		quad4.op2

				b1		b2		b3		b4		b5		b6		b7												G, T/m

		0.1760279		-3.58E-02		10000		-5.66E-03		-2.36E-03		-2.07E-03		3.19E-03		1.79E-03		-1.91E-04		-1.49E-06		5.37E-03		4.30E-04				17.60279

		0.352056		-3.25E-02		10000		-1.01E-03		1.39E-03		-5.18E-04		5.27E-03		-3.17E-04		9.08E-04		-2.12E-03		7.55E-04		4.58E-04				35.2056

		0.5280838		-3.67E-02		10000		-1.23E-03		-2.60E-03		2.18E-03		4.19E-03		-1.49E-03		-1.02E-03		-2.98E-05		1.28E-03		-1.70E-03				52.80838

		0.7041109		-3.50E-02		10000		-1.26E-03		-1.56E-03		-3.31E-04		4.17E-03		2.04E-04		-2.92E-04		-1.83E-03		4.41E-04		-9.19E-04				70.41109

		0.8801352		-3.45E-02		10000		2.61E-04		-2.68E-03		3.32E-04		4.95E-03		-8.39E-04		-6.62E-04		6.34E-04		1.55E-03		3.27E-04				88.01352

		1.056144		2.37E-03		10000		2.71E-03		-3.27E-03		-9.05E-04		4.69E-03		6.50E-05		8.38E-04		-7.02E-04		1.34E-03		-1.57E-03				105.6144

		1.232074		8.58E-02		10000		9.91E-03		-4.76E-03		7.44E-04		7.59E-03		-3.32E-04		2.23E-04		-6.73E-04		4.32E-04		-1.02E-03				123.2074

		1.407727		0.1027456		10000		1.27E-02		-7.27E-03		1.01E-04		1.78E-02		-1.32E-04		-6.59E-05		-6.20E-04		1.09E-03		-6.32E-04				140.7727

		1.582548		0.1069407		10000		1.49E-02		-1.00E-02		-2.43E-04		4.76E-02		4.05E-05		1.82E-04		-7.78E-04		5.47E-04		-1.30E-04				158.2548

		1.755099		-1.34E-02		10000		1.17E-02		-1.29E-02		-4.16E-04		0.1220782		1.13E-04		1.79E-04		-9.55E-04		2.53E-04		-6.02E-04				175.5099

		1.924954		-0.2064807		10000		1.07E-02		-1.97E-02		1.44E-05		0.2166487		-2.56E-04		1.29E-04		-4.80E-04		-6.22E-06		-6.39E-04				192.4954

		2.092238		-0.4352529		10000		2.25E-02		-3.02E-02		-8.97E-04		0.3043187		1.50E-04		3.08E-04		-4.62E-04		-3.46E-04		-8.64E-04				209.2238





Sheet2

		quad2

		Jsc(Bref),A/mm^2		B0, T		Bpeak, T		G, T/m

		2000		1.5037402		4.4415271		150.37402

		2200		1.5811207		4.6699454		158.11207

		2400		1.6520182		4.8791326		165.20182

		2600		1.7172912		5.07159		171.72912

		2800		1.7776189		5.2493868		177.76189

		3000		1.8335146		5.4142705		183.35146

		3200		1.8854156		5.5677019		188.54156

		3400		1.9337208		5.7109047		193.37208

		3600		1.9788262		5.8449042		197.88262

		3800		2.0210778		5.9705843		202.10778

		4000		2.0607693		6.0887164		206.07693

		Icable, kA		B0, T		Bpeak, T		G, T/m		W/4		W, kJ/m		L, mH/m

		0.5		0.096		0.285634		9.6		0.0302725		0.12109		0.96872

		1		0.193		0.571269		19.3		0.12109		0.48436		0.96872

		2		0.386		1.142538		38.6		0.484359		1.937436		0.968718

		3		0.58		1.713807		58		1.089808		4.359232		0.9687182222

		4		0.773		2.285047		77.3		1.937415		7.74966		0.9687075

		5		0.967		2.85592		96.7		3.026881		12.107524		0.96860192

		6		1.159		3.424542		115.9		4.355754		17.423016		0.9679453333

		7		1.348		3.98199		134.8		5.911218		23.644872		0.9650968163

		8		1.531		4.522002		153.1		7.663382		30.653528		0.95792275

		9		1.709		5.047152		170.9		9.606236		38.424944		0.9487640494

		10		1.883		5.560551		188.3		11.7396		46.9584		0.939168

		11		2.053		6.065591		205.3		14.0524		56.2096		0.9290842975

		12		2.22		6.563534		222		16.5417		66.1668		0.9189833333

		13		2.384		7.055789		238.4		19.2118		76.8472		0.9094343195

		quad4.op2

		Icable, kA		B0, T		Bpeak, T		G, T/m		W/4		W, kJ/m		L, mH/m

		0		0		0		0		0		0		0.86452

		1		0.176		0.524308		17.6		0.108065		0.43226		0.86452

		2		0.352		1.048615		35.2		0.432258		1.729032		0.864516

		3		0.528		1.572922		52.8		0.972581		3.890324		0.8645164444

		4		0.704		2.097228		70.4		1.729033		6.916132		0.8645165

		5		0.88		2.621526		88		2.701608		10.806432		0.86451456

		6		1.056		3.145786		105.6		3.890244		15.560976		0.8644986667

		7		1.232		3.669826		123.2		5.294745		21.17898		0.8644481633

		8		1.407		4.193063		140.7		6.913808		27.655232		0.864226

		9		1.582		4.713902		158.2		8.745482		34.981928		0.8637513086

		10		1.755		5.228148		175.5		10.7773		43.1092		0.862184

		11		1.924		5.734778		192.4		12.9942		51.9768		0.8591206612

		12		2.092		6.234365		209.2		15.3935		61.574		0.8551944444

		Jsc(Bref),A/mm^2		B0, T		Bpeak, T		G, T/m

		2000		1.4271471		4.2531686		142.71471

		2200		1.5056567		4.4870277		150.56567

		2400		1.5780325		4.7021239		157.80325

		2600		1.6448879		4.9005079		164.48879

		2800		1.706678		5.0840794		170.6678

		3000		1.7638102		5.2544863		176.38102

		3200		1.8167483		5.4131276		181.67483

		3400		1.8660737		5.5611932		186.60737

		3600		1.9122805		5.6997163		191.22805

		3800		1.9557606		5.829606		195.57606

		4000		1.996769		5.9516993		199.6769
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plots

		17.60279		17.60279		17.60279

		35.2056		35.2056		35.2056

		52.80838		52.80838		52.80838

		70.41109		70.41109		70.41109

		88.01352		88.01352		88.01352
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		quad2.op2

				b1		b2		b3		b4		b5		b6														G, T/m

		0.09673735		-0.1039355		10000		-0.001899744		0.0003015423		-0.0008394749		0.05537935		0.0001402278		-0.0000423416		-0.001085216		0.0003445756		-0.0002568933				9.673735

		0.1934746		-0.1011637		10000		-0.001195147		0.004003227		0.001092604		0.05576499		0.001150387		-0.004224527		-0.004264204		0.001962756		0.002233687				19.34746

		0.3869495		-0.104888		10000		0.0003204745		-0.0003487143		0.0004602452		0.05800928		-0.0006228575		0.002043719		-0.0004657938		0.002857988		-0.002070954				38.69495

		0.5804241		-0.1035288		10000		-0.0006468329		0.001135994		-0.0004942927		0.05467078		0.001935692		0.0002553412		0.0000250111		0.002735989		-0.0008213554				58.04241

		0.7738891		-0.1118331		10000		-0.001734708		0.001150956		-0.0006923388		0.05507907		0.0007598955		-0.0005911542		-0.0003258699		-0.0000430725		-0.001039017				77.38891

		0.9672321		-0.1248128		10000		-0.001857671		0.0004386269		-0.000999345		0.06508601		0.0005806314		0.0002742179		-0.001244273		0.0005969098		-0.0002656864				96.72321

		1.159837		-0.1313895		10000		-0.001917219		0.0009172201		-0.0003396582		0.1122114		0.0004359237		-0.0001766479		0.0000094578		0.0003925912		-0.0009211692				115.9837

		1.348776		-0.1238202		10000		0.0009923161		0.0001773103		-0.0008664357		0.3291605		-0.0004162364		-0.0001068686		0.0001645432		-0.0007502846		-0.001293533				134.8776

		1.531902		-0.1047809		10000		0.002677978		0.0003686487		-0.001095354		0.6482432		-0.0001198595		-0.0005213083		-0.000469986		-0.001074442		-0.0005069634				153.1902

		1.709706		0.01285926		10000		0.0136158		0.000261856		-0.0001077213		0.9245907		-0.0006534711		-0.0001198351		0.0000190518		-0.00123603		-0.0004571319				170.9706

		1.882982		0.1930716		10000		0.0328941		-0.001473021		-0.0004414941		1.116862		0.0003188388		0.000022747		-0.0002623124		-0.001417896		-0.0007297664				188.2982

		2.052561		0.9795796		10000		0.1113465		-0.006117125		0.001429569		1.23266		0.000469175		0.0000408233		0.0000576052		-0.0009005848		-0.0006061601				205.2561

		2.219116		2.571614		10000		0.271373		-0.01651927		0.005392354		1.290428		0.0005180907		-0.0001534222		-0.0002222125		-0.001078431		-0.0006695634				221.9116

		2.383224		4.802316		10000		0.4755879		-0.02787727		0.009652158		1.307018		0.001657262		-0.000293851		-0.0002287544		-0.001022909		-0.0007311189				238.3224

		quad4.op2

				b1		b2		b3		b4		b5		b6		b7												G, T/m

		0.1760279		-3.58E-02		10000		-5.66E-03		-2.36E-03		-2.07E-03		3.19E-03		1.79E-03		-1.91E-04		-1.49E-06		5.37E-03		4.30E-04				17.60279

		0.352056		-3.25E-02		10000		-1.01E-03		1.39E-03		-5.18E-04		5.27E-03		-3.17E-04		9.08E-04		-2.12E-03		7.55E-04		4.58E-04				35.2056

		0.5280838		-3.67E-02		10000		-1.23E-03		-2.60E-03		2.18E-03		4.19E-03		-1.49E-03		-1.02E-03		-2.98E-05		1.28E-03		-1.70E-03				52.80838

		0.7041109		-3.50E-02		10000		-1.26E-03		-1.56E-03		-3.31E-04		4.17E-03		2.04E-04		-2.92E-04		-1.83E-03		4.41E-04		-9.19E-04				70.41109

		0.8801352		-3.45E-02		10000		2.61E-04		-2.68E-03		3.32E-04		4.95E-03		-8.39E-04		-6.62E-04		6.34E-04		1.55E-03		3.27E-04				88.01352

		1.056144		2.37E-03		10000		2.71E-03		-3.27E-03		-9.05E-04		4.69E-03		6.50E-05		8.38E-04		-7.02E-04		1.34E-03		-1.57E-03				105.6144

		1.232074		8.58E-02		10000		9.91E-03		-4.76E-03		7.44E-04		7.59E-03		-3.32E-04		2.23E-04		-6.73E-04		4.32E-04		-1.02E-03				123.2074

		1.407727		0.1027456		10000		1.27E-02		-7.27E-03		1.01E-04		1.78E-02		-1.32E-04		-6.59E-05		-6.20E-04		1.09E-03		-6.32E-04				140.7727

		1.582548		0.1069407		10000		1.49E-02		-1.00E-02		-2.43E-04		4.76E-02		4.05E-05		1.82E-04		-7.78E-04		5.47E-04		-1.30E-04				158.2548

		1.755099		-1.34E-02		10000		1.17E-02		-1.29E-02		-4.16E-04		0.1220782		1.13E-04		1.79E-04		-9.55E-04		2.53E-04		-6.02E-04				175.5099

		1.924954		-0.2064807		10000		1.07E-02		-1.97E-02		1.44E-05		0.2166487		-2.56E-04		1.29E-04		-4.80E-04		-6.22E-06		-6.39E-04				192.4954

		2.092238		-0.4352529		10000		2.25E-02		-3.02E-02		-8.97E-04		0.3043187		1.50E-04		3.08E-04		-4.62E-04		-3.46E-04		-8.64E-04				209.2238





Sheet2

		quad2

		Jsc(Bref),A/mm^2		B0, T		Bpeak, T		G, T/m

		2000		1.5037402		4.4415271		150.37402

		2200		1.5811207		4.6699454		158.11207

		2400		1.6520182		4.8791326		165.20182

		2600		1.7172912		5.07159		171.72912

		2800		1.7776189		5.2493868		177.76189

		3000		1.8335146		5.4142705		183.35146

		3200		1.8854156		5.5677019		188.54156

		3400		1.9337208		5.7109047		193.37208

		3600		1.9788262		5.8449042		197.88262

		3800		2.0210778		5.9705843		202.10778

		4000		2.0607693		6.0887164		206.07693

		Icable, kA		B0, T		Bpeak, T		G, T/m		W/4		W, kJ/m		L, mH/m

		0.5		0.096		0.285634		9.6		0.0302725		0.12109		0.96872

		1		0.193		0.571269		19.3		0.12109		0.48436		0.96872

		2		0.386		1.142538		38.6		0.484359		1.937436		0.968718

		3		0.58		1.713807		58		1.089808		4.359232		0.9687182222

		4		0.773		2.285047		77.3		1.937415		7.74966		0.9687075

		5		0.967		2.85592		96.7		3.026881		12.107524		0.96860192

		6		1.159		3.424542		115.9		4.355754		17.423016		0.9679453333

		7		1.348		3.98199		134.8		5.911218		23.644872		0.9650968163

		8		1.531		4.522002		153.1		7.663382		30.653528		0.95792275

		9		1.709		5.047152		170.9		9.606236		38.424944		0.9487640494

		10		1.883		5.560551		188.3		11.7396		46.9584		0.939168

		11		2.053		6.065591		205.3		14.0524		56.2096		0.9290842975

		12		2.22		6.563534		222		16.5417		66.1668		0.9189833333

		13		2.384		7.055789		238.4		19.2118		76.8472		0.9094343195

		quad4.op2

		Icable, kA		B0, T		Bpeak, T		G, T/m		W/4		W, kJ/m		L, mH/m

		0		0		0		0		0		0		0.86452

		1		0.176		0.524308		17.6		0.108065		0.43226		0.86452

		2		0.352		1.048615		35.2		0.432258		1.729032		0.864516

		3		0.528		1.572922		52.8		0.972581		3.890324		0.8645164444

		4		0.704		2.097228		70.4		1.729033		6.916132		0.8645165

		5		0.88		2.621526		88		2.701608		10.806432		0.86451456

		6		1.056		3.145786		105.6		3.890244		15.560976		0.8644986667

		7		1.232		3.669826		123.2		5.294745		21.17898		0.8644481633

		8		1.407		4.193063		140.7		6.913808		27.655232		0.864226

		9		1.582		4.713902		158.2		8.745482		34.981928		0.8637513086

		10		1.755		5.228148		175.5		10.7773		43.1092		0.862184

		11		1.924		5.734778		192.4		12.9942		51.9768		0.8591206612

		12		2.092		6.234365		209.2		15.3935		61.574		0.8551944444

		Jsc(Bref),A/mm^2		B0, T		Bpeak, T		G, T/m

		2000		1.4271471		4.2531686		142.71471

		2200		1.5056567		4.4870277		150.56567

		2400		1.5780325		4.7021239		157.80325

		2600		1.6448879		4.9005079		164.48879

		2800		1.706678		5.0840794		170.6678

		3000		1.7638102		5.2544863		176.38102

		3200		1.8167483		5.4131276		181.67483

		3400		1.8660737		5.5611932		186.60737

		3600		1.9122805		5.6997163		191.22805

		3800		1.9557606		5.829606		195.57606

		4000		1.996769		5.9516993		199.6769
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Sheet1

		

		quad2.op2

				b1		b2		b3		b4		b5		b6														G, T/m

		0.09673735		-0.1039355		10000		-0.001899744		0.0003015423		-0.0008394749		0.05537935		0.0001402278		-0.0000423416		-0.001085216		0.0003445756		-0.0002568933				9.673735

		0.1934746		-0.1011637		10000		-0.001195147		0.004003227		0.001092604		0.05576499		0.001150387		-0.004224527		-0.004264204		0.001962756		0.002233687				19.34746

		0.3869495		-0.104888		10000		0.0003204745		-0.0003487143		0.0004602452		0.05800928		-0.0006228575		0.002043719		-0.0004657938		0.002857988		-0.002070954				38.69495

		0.5804241		-0.1035288		10000		-0.0006468329		0.001135994		-0.0004942927		0.05467078		0.001935692		0.0002553412		0.0000250111		0.002735989		-0.0008213554				58.04241

		0.7738891		-0.1118331		10000		-0.001734708		0.001150956		-0.0006923388		0.05507907		0.0007598955		-0.0005911542		-0.0003258699		-0.0000430725		-0.001039017				77.38891

		0.9672321		-0.1248128		10000		-0.001857671		0.0004386269		-0.000999345		0.06508601		0.0005806314		0.0002742179		-0.001244273		0.0005969098		-0.0002656864				96.72321

		1.159837		-0.1313895		10000		-0.001917219		0.0009172201		-0.0003396582		0.1122114		0.0004359237		-0.0001766479		0.0000094578		0.0003925912		-0.0009211692				115.9837

		1.348776		-0.1238202		10000		0.0009923161		0.0001773103		-0.0008664357		0.3291605		-0.0004162364		-0.0001068686		0.0001645432		-0.0007502846		-0.001293533				134.8776

		1.531902		-0.1047809		10000		0.002677978		0.0003686487		-0.001095354		0.6482432		-0.0001198595		-0.0005213083		-0.000469986		-0.001074442		-0.0005069634				153.1902

		1.709706		0.01285926		10000		0.0136158		0.000261856		-0.0001077213		0.9245907		-0.0006534711		-0.0001198351		0.0000190518		-0.00123603		-0.0004571319				170.9706

		1.882982		0.1930716		10000		0.0328941		-0.001473021		-0.0004414941		1.116862		0.0003188388		0.000022747		-0.0002623124		-0.001417896		-0.0007297664				188.2982

		2.052561		0.9795796		10000		0.1113465		-0.006117125		0.001429569		1.23266		0.000469175		0.0000408233		0.0000576052		-0.0009005848		-0.0006061601				205.2561

		2.219116		2.571614		10000		0.271373		-0.01651927		0.005392354		1.290428		0.0005180907		-0.0001534222		-0.0002222125		-0.001078431		-0.0006695634				221.9116

		2.383224		4.802316		10000		0.4755879		-0.02787727		0.009652158		1.307018		0.001657262		-0.000293851		-0.0002287544		-0.001022909		-0.0007311189				238.3224

		quad4.op2

				b1		b2		b3		b4		b5		b6		b7												G, T/m

		0.1760279		-3.58E-02		10000		-5.66E-03		-2.36E-03		-2.07E-03		3.19E-03		1.79E-03		-1.91E-04		-1.49E-06		5.37E-03		4.30E-04				17.60279

		0.352056		-3.25E-02		10000		-1.01E-03		1.39E-03		-5.18E-04		5.27E-03		-3.17E-04		9.08E-04		-2.12E-03		7.55E-04		4.58E-04				35.2056

		0.5280838		-3.67E-02		10000		-1.23E-03		-2.60E-03		2.18E-03		4.19E-03		-1.49E-03		-1.02E-03		-2.98E-05		1.28E-03		-1.70E-03				52.80838

		0.7041109		-3.50E-02		10000		-1.26E-03		-1.56E-03		-3.31E-04		4.17E-03		2.04E-04		-2.92E-04		-1.83E-03		4.41E-04		-9.19E-04				70.41109

		0.8801352		-3.45E-02		10000		2.61E-04		-2.68E-03		3.32E-04		4.95E-03		-8.39E-04		-6.62E-04		6.34E-04		1.55E-03		3.27E-04				88.01352

		1.056144		2.37E-03		10000		2.71E-03		-3.27E-03		-9.05E-04		4.69E-03		6.50E-05		8.38E-04		-7.02E-04		1.34E-03		-1.57E-03				105.6144

		1.232074		8.58E-02		10000		9.91E-03		-4.76E-03		7.44E-04		7.59E-03		-3.32E-04		2.23E-04		-6.73E-04		4.32E-04		-1.02E-03				123.2074

		1.407727		0.1027456		10000		1.27E-02		-7.27E-03		1.01E-04		1.78E-02		-1.32E-04		-6.59E-05		-6.20E-04		1.09E-03		-6.32E-04				140.7727

		1.582548		0.1069407		10000		1.49E-02		-1.00E-02		-2.43E-04		4.76E-02		4.05E-05		1.82E-04		-7.78E-04		5.47E-04		-1.30E-04				158.2548

		1.755099		-1.34E-02		10000		1.17E-02		-1.29E-02		-4.16E-04		0.1220782		1.13E-04		1.79E-04		-9.55E-04		2.53E-04		-6.02E-04				175.5099

		1.924954		-0.2064807		10000		1.07E-02		-1.97E-02		1.44E-05		0.2166487		-2.56E-04		1.29E-04		-4.80E-04		-6.22E-06		-6.39E-04				192.4954

		2.092238		-0.4352529		10000		2.25E-02		-3.02E-02		-8.97E-04		0.3043187		1.50E-04		3.08E-04		-4.62E-04		-3.46E-04		-8.64E-04				209.2238





Sheet2

		quad2

		Jsc(Bref),A/mm^2		B0, T		Bpeak, T		G, T/m

		2000		1.5037402		4.4415271		150.37402

		2200		1.5811207		4.6699454		158.11207

		2400		1.6520182		4.8791326		165.20182

		2600		1.7172912		5.07159		171.72912

		2800		1.7776189		5.2493868		177.76189

		3000		1.8335146		5.4142705		183.35146

		3200		1.8854156		5.5677019		188.54156

		3400		1.9337208		5.7109047		193.37208

		3600		1.9788262		5.8449042		197.88262

		3800		2.0210778		5.9705843		202.10778

		4000		2.0607693		6.0887164		206.07693

		Icable, kA		B0, T		Bpeak, T		G, T/m		W/4		W, kJ/m		L, mH/m

		0.5		0.096		0.285634		9.6		0.0302725		0.12109		0.96872

		1		0.193		0.571269		19.3		0.12109		0.48436		0.96872

		2		0.386		1.142538		38.6		0.484359		1.937436		0.968718

		3		0.58		1.713807		58		1.089808		4.359232		0.9687182222

		4		0.773		2.285047		77.3		1.937415		7.74966		0.9687075

		5		0.967		2.85592		96.7		3.026881		12.107524		0.96860192

		6		1.159		3.424542		115.9		4.355754		17.423016		0.9679453333

		7		1.348		3.98199		134.8		5.911218		23.644872		0.9650968163

		8		1.531		4.522002		153.1		7.663382		30.653528		0.95792275

		9		1.709		5.047152		170.9		9.606236		38.424944		0.9487640494

		10		1.883		5.560551		188.3		11.7396		46.9584		0.939168

		11		2.053		6.065591		205.3		14.0524		56.2096		0.9290842975

		12		2.22		6.563534		222		16.5417		66.1668		0.9189833333

		13		2.384		7.055789		238.4		19.2118		76.8472		0.9094343195

		quad4.op2

		Icable, kA		B0, T		Bpeak, T		G, T/m		W/4		W, kJ/m		L, mH/m

		0		0		0		0		0		0		0.86452

		1		0.176		0.524308		17.6		0.108065		0.43226		0.86452

		2		0.352		1.048615		35.2		0.432258		1.729032		0.864516

		3		0.528		1.572922		52.8		0.972581		3.890324		0.8645164444

		4		0.704		2.097228		70.4		1.729033		6.916132		0.8645165

		5		0.88		2.621526		88		2.701608		10.806432		0.86451456

		6		1.056		3.145786		105.6		3.890244		15.560976		0.8644986667

		7		1.232		3.669826		123.2		5.294745		21.17898		0.8644481633

		8		1.407		4.193063		140.7		6.913808		27.655232		0.864226

		9		1.582		4.713902		158.2		8.745482		34.981928		0.8637513086

		10		1.755		5.228148		175.5		10.7773		43.1092		0.862184

		11		1.924		5.734778		192.4		12.9942		51.9768		0.8591206612

		12		2.092		6.234365		209.2		15.3935		61.574		0.8551944444

		Jsc(Bref),A/mm^2		B0, T		Bpeak, T		G, T/m

		2000		1.4271471		4.2531686		142.71471

		2200		1.5056567		4.4870277		150.56567

		2400		1.5780325		4.7021239		157.80325

		2600		1.6448879		4.9005079		164.48879

		2800		1.706678		5.0840794		170.6678

		3000		1.7638102		5.2544863		176.38102

		3200		1.8167483		5.4131276		181.67483

		3400		1.8660737		5.5611932		186.60737

		3600		1.9122805		5.6997163		191.22805

		3800		1.9557606		5.829606		195.57606

		4000		1.996769		5.9516993		199.6769





plots

		





plots

		17.60279		17.60279		17.60279

		35.2056		35.2056		35.2056

		52.80838		52.80838		52.80838

		70.41109		70.41109		70.41109

		88.01352		88.01352		88.01352

		105.6144		105.6144		105.6144

		123.2074		123.2074		123.2074

		140.7727		140.7727		140.7727

		158.2548		158.2548		158.2548

		175.5099		175.5099		175.5099

		192.4954		192.4954		192.4954

		209.2238		209.2238		209.2238



b1

b3

b6

G, T/m

10^-4

-0.03583513

-0.005659581

0.003190427

-0.03247345

-0.001012687

0.005273987

-0.03674972

-0.001228876

0.004192012

-0.03500811

-0.001263885

0.004168822

-0.03449769

0.0002612855

0.00494762

0.002370177

0.002710332

0.004689173

0.08580159

0.009912177

0.007592371

0.1027456

0.01267727

0.01777797

0.1069407

0.0149167

0.04758662

-0.01344489

0.01169907

0.1220782

-0.2064807

0.01072386

0.2166487

-0.4352529

0.02246557

0.3043187



		2000

		2200

		2400

		2600

		2800

		3000

		3200

		3400

		3600

		3800

		4000



Jsc(5T, 4.2K), A/mm^2

G, T/m

142.71471

150.56567

157.80325

164.48879

170.6678

176.38102

181.67483

186.60737

191.22805

195.57606

199.6769



		0

		1

		2

		3

		4

		5

		6

		7

		8

		9

		10

		11

		12



Ic, kA

G, T/m

0

17.6

35.2

52.8

70.4

88

105.6

123.2

140.7

158.2

175.5

192.4

209.2



		0

		17.6

		35.2

		52.8

		70.4

		88

		105.6

		123.2

		140.7

		158.2

		175.5

		192.4

		209.2



G, T/m

W, kJ/m

0

0.43226

1.729032

3.890324

6.916132

10.806432

15.560976

21.17898

27.655232

34.981928

43.1092

51.9768

61.574



		0

		17.6

		35.2

		52.8

		70.4

		88

		105.6

		123.2

		140.7

		158.2

		175.5

		192.4

		209.2



G, T/m

L, mH/m

0.86452

0.86452

0.864516

0.8645164444

0.8645165

0.86451456

0.8644986667

0.8644481633

0.864226

0.8637513086

0.862184

0.8591206612

0.8551944444



		0

		17.6

		35.2

		52.8

		70.4

		88

		105.6

		123.2

		140.7

		158.2

		175.5

		192.4

		209.2



G, T/m

Bpeak, T

0

0.524308

1.048615

1.572922

2.097228

2.621526

3.145786

3.669826

4.193063

4.713902

5.228148

5.734778

6.234365




_1043246631.xls
Chart1

		17.60279		17.60279		17.60279

		35.2056		35.2056		35.2056

		52.80838		52.80838		52.80838

		70.41109		70.41109		70.41109

		88.01352		88.01352		88.01352

		105.6144		105.6144		105.6144

		123.2074		123.2074		123.2074

		140.7727		140.7727		140.7727

		158.2548		158.2548		158.2548

		175.5099		175.5099		175.5099

		192.4954		192.4954		192.4954

		209.2238		209.2238		209.2238



b1

b3

b6

G, T/m

10^-4

-0.03583513

-0.005659581

0.003190427

-0.03247345

-0.001012687

0.005273987

-0.03674972

-0.001228876

0.004192012

-0.03500811

-0.001263885

0.004168822

-0.03449769

0.0002612855

0.00494762

0.002370177

0.002710332

0.004689173

0.08580159

0.009912177

0.007592371

0.1027456

0.01267727

0.01777797

0.1069407

0.0149167

0.04758662

-0.01344489

0.01169907

0.1220782

-0.2064807

0.01072386

0.2166487

-0.4352529

0.02246557

0.3043187



Sheet1

		

		quad2.op2

				b1		b2		b3		b4		b5		b6														G, T/m

		0.09673735		-0.1039355		10000		-0.001899744		0.0003015423		-0.0008394749		0.05537935		0.0001402278		-0.0000423416		-0.001085216		0.0003445756		-0.0002568933				9.673735

		0.1934746		-0.1011637		10000		-0.001195147		0.004003227		0.001092604		0.05576499		0.001150387		-0.004224527		-0.004264204		0.001962756		0.002233687				19.34746

		0.3869495		-0.104888		10000		0.0003204745		-0.0003487143		0.0004602452		0.05800928		-0.0006228575		0.002043719		-0.0004657938		0.002857988		-0.002070954				38.69495

		0.5804241		-0.1035288		10000		-0.0006468329		0.001135994		-0.0004942927		0.05467078		0.001935692		0.0002553412		0.0000250111		0.002735989		-0.0008213554				58.04241

		0.7738891		-0.1118331		10000		-0.001734708		0.001150956		-0.0006923388		0.05507907		0.0007598955		-0.0005911542		-0.0003258699		-0.0000430725		-0.001039017				77.38891

		0.9672321		-0.1248128		10000		-0.001857671		0.0004386269		-0.000999345		0.06508601		0.0005806314		0.0002742179		-0.001244273		0.0005969098		-0.0002656864				96.72321

		1.159837		-0.1313895		10000		-0.001917219		0.0009172201		-0.0003396582		0.1122114		0.0004359237		-0.0001766479		0.0000094578		0.0003925912		-0.0009211692				115.9837

		1.348776		-0.1238202		10000		0.0009923161		0.0001773103		-0.0008664357		0.3291605		-0.0004162364		-0.0001068686		0.0001645432		-0.0007502846		-0.001293533				134.8776

		1.531902		-0.1047809		10000		0.002677978		0.0003686487		-0.001095354		0.6482432		-0.0001198595		-0.0005213083		-0.000469986		-0.001074442		-0.0005069634				153.1902

		1.709706		0.01285926		10000		0.0136158		0.000261856		-0.0001077213		0.9245907		-0.0006534711		-0.0001198351		0.0000190518		-0.00123603		-0.0004571319				170.9706

		1.882982		0.1930716		10000		0.0328941		-0.001473021		-0.0004414941		1.116862		0.0003188388		0.000022747		-0.0002623124		-0.001417896		-0.0007297664				188.2982

		2.052561		0.9795796		10000		0.1113465		-0.006117125		0.001429569		1.23266		0.000469175		0.0000408233		0.0000576052		-0.0009005848		-0.0006061601				205.2561

		2.219116		2.571614		10000		0.271373		-0.01651927		0.005392354		1.290428		0.0005180907		-0.0001534222		-0.0002222125		-0.001078431		-0.0006695634				221.9116

		2.383224		4.802316		10000		0.4755879		-0.02787727		0.009652158		1.307018		0.001657262		-0.000293851		-0.0002287544		-0.001022909		-0.0007311189				238.3224

		quad4.op2

				b1		b2		b3		b4		b5		b6		b7												G, T/m

		0.1760279		-3.58E-02		10000		-5.66E-03		-2.36E-03		-2.07E-03		3.19E-03		1.79E-03		-1.91E-04		-1.49E-06		5.37E-03		4.30E-04				17.60279

		0.352056		-3.25E-02		10000		-1.01E-03		1.39E-03		-5.18E-04		5.27E-03		-3.17E-04		9.08E-04		-2.12E-03		7.55E-04		4.58E-04				35.2056

		0.5280838		-3.67E-02		10000		-1.23E-03		-2.60E-03		2.18E-03		4.19E-03		-1.49E-03		-1.02E-03		-2.98E-05		1.28E-03		-1.70E-03				52.80838

		0.7041109		-3.50E-02		10000		-1.26E-03		-1.56E-03		-3.31E-04		4.17E-03		2.04E-04		-2.92E-04		-1.83E-03		4.41E-04		-9.19E-04				70.41109

		0.8801352		-3.45E-02		10000		2.61E-04		-2.68E-03		3.32E-04		4.95E-03		-8.39E-04		-6.62E-04		6.34E-04		1.55E-03		3.27E-04				88.01352

		1.056144		2.37E-03		10000		2.71E-03		-3.27E-03		-9.05E-04		4.69E-03		6.50E-05		8.38E-04		-7.02E-04		1.34E-03		-1.57E-03				105.6144

		1.232074		8.58E-02		10000		9.91E-03		-4.76E-03		7.44E-04		7.59E-03		-3.32E-04		2.23E-04		-6.73E-04		4.32E-04		-1.02E-03				123.2074

		1.407727		0.1027456		10000		1.27E-02		-7.27E-03		1.01E-04		1.78E-02		-1.32E-04		-6.59E-05		-6.20E-04		1.09E-03		-6.32E-04				140.7727

		1.582548		0.1069407		10000		1.49E-02		-1.00E-02		-2.43E-04		4.76E-02		4.05E-05		1.82E-04		-7.78E-04		5.47E-04		-1.30E-04				158.2548

		1.755099		-1.34E-02		10000		1.17E-02		-1.29E-02		-4.16E-04		0.1220782		1.13E-04		1.79E-04		-9.55E-04		2.53E-04		-6.02E-04				175.5099

		1.924954		-0.2064807		10000		1.07E-02		-1.97E-02		1.44E-05		0.2166487		-2.56E-04		1.29E-04		-4.80E-04		-6.22E-06		-6.39E-04				192.4954

		2.092238		-0.4352529		10000		2.25E-02		-3.02E-02		-8.97E-04		0.3043187		1.50E-04		3.08E-04		-4.62E-04		-3.46E-04		-8.64E-04				209.2238





Sheet2

		quad2

		Jsc(Bref),A/mm^2		B0, T		Bpeak, T		G, T/m

		2000		1.5037402		4.4415271		150.37402

		2200		1.5811207		4.6699454		158.11207

		2400		1.6520182		4.8791326		165.20182

		2600		1.7172912		5.07159		171.72912

		2800		1.7776189		5.2493868		177.76189

		3000		1.8335146		5.4142705		183.35146

		3200		1.8854156		5.5677019		188.54156

		3400		1.9337208		5.7109047		193.37208

		3600		1.9788262		5.8449042		197.88262

		3800		2.0210778		5.9705843		202.10778

		4000		2.0607693		6.0887164		206.07693

		Icable, kA		B0, T		Bpeak, T		G, T/m		W/4		W, kJ/m		L, mH/m

		0.5		0.096		0.285634		9.6		0.0302725		0.12109		0.96872

		1		0.193		0.571269		19.3		0.12109		0.48436		0.96872

		2		0.386		1.142538		38.6		0.484359		1.937436		0.968718

		3		0.58		1.713807		58		1.089808		4.359232		0.9687182222

		4		0.773		2.285047		77.3		1.937415		7.74966		0.9687075

		5		0.967		2.85592		96.7		3.026881		12.107524		0.96860192

		6		1.159		3.424542		115.9		4.355754		17.423016		0.9679453333

		7		1.348		3.98199		134.8		5.911218		23.644872		0.9650968163

		8		1.531		4.522002		153.1		7.663382		30.653528		0.95792275

		9		1.709		5.047152		170.9		9.606236		38.424944		0.9487640494

		10		1.883		5.560551		188.3		11.7396		46.9584		0.939168

		11		2.053		6.065591		205.3		14.0524		56.2096		0.9290842975

		12		2.22		6.563534		222		16.5417		66.1668		0.9189833333

		13		2.384		7.055789		238.4		19.2118		76.8472		0.9094343195

		quad4.op2

		Icable, kA		B0, T		Bpeak, T		G, T/m		W/4		W, kJ/m		L, mH/m

		0		0		0		0		0		0		0.86452

		1		0.176		0.524308		17.6		0.108065		0.43226		0.86452

		2		0.352		1.048615		35.2		0.432258		1.729032		0.864516

		3		0.528		1.572922		52.8		0.972581		3.890324		0.8645164444

		4		0.704		2.097228		70.4		1.729033		6.916132		0.8645165

		5		0.88		2.621526		88		2.701608		10.806432		0.86451456

		6		1.056		3.145786		105.6		3.890244		15.560976		0.8644986667

		7		1.232		3.669826		123.2		5.294745		21.17898		0.8644481633

		8		1.407		4.193063		140.7		6.913808		27.655232		0.864226

		9		1.582		4.713902		158.2		8.745482		34.981928		0.8637513086

		10		1.755		5.228148		175.5		10.7773		43.1092		0.862184

		11		1.924		5.734778		192.4		12.9942		51.9768		0.8591206612

		12		2.092		6.234365		209.2		15.3935		61.574		0.8551944444

		Jsc(Bref),A/mm^2		B0, T		Bpeak, T		G, T/m

		2000		1.4271471		4.2531686		142.71471

		2200		1.5056567		4.4870277		150.56567

		2400		1.5780325		4.7021239		157.80325

		2600		1.6448879		4.9005079		164.48879

		2800		1.706678		5.0840794		170.6678

		3000		1.7638102		5.2544863		176.38102

		3200		1.8167483		5.4131276		181.67483

		3400		1.8660737		5.5611932		186.60737

		3600		1.9122805		5.6997163		191.22805

		3800		1.9557606		5.829606		195.57606

		4000		1.996769		5.9516993		199.6769
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